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A STUDY OF THE STABILITY AND LOCATION OF THE
CENTER OF PRESSURE ON SHARP, RIGHT CIRCULAR CONES
AT HYPERSONIC SPEEDS

By Jim A. Penland
Langley Research Center

SUMMARY

Analysis of experimental data obtained on various sharp, right circular

cone models at a Mach number of 6.8 and a Reynolds number of 0.22 X 106 per

inch indicates that the Newtonian theory gives good predictions of the longi-
tudinal stability and performance parameters through a 30° angle-of-attack range
for cones with semivertex angles less than 40°. The location of the center of
pressure was found to be fixed for a given cone angle and independent of angle-
of~-attack change. A decrease in Reynolds number by a factor of 5 made no change
in the longitudinal characteristics of a 5° semivertex cone except an increase
of drag due to skin friction.

The calculated longitudinal characteristics are presented for cones with
semivertex angles of 2.5° to 50° in Newtonian flow for angles of attack from o°
to 180° with both base area and planform area reference.

INTRODUCTION

The initial design of a missile or reentry configuration requires a knowl-
edge of the stability, the center-of-pressure location, and the associated var-
iations of these parameters with any change of configuration, angle of attack,
or Reynolds number. These data are necessary in order to determine the optimum
center-of-moment location, to determine any necessary control surfaces or
forces, and to calculate flight trajectories.

One of the many aerodynamic shapes undergoing tests is the simple conical
body.

Considerable force and pressure-distribution data are available on sharp
cones at supersonic and hypersonic speeds (refs. 1 to 17); however, few
pitching-moment data are svailable except for cones of small semivertex angle.

The purpose of this investigation was to determine at hypersonic speeds
the variation of pitching moment and the location of the center of pressure of



sharp cones having semivertex angles of 5° to 50° through an angle-of-attack
range of -5° to 30° and to compare the results with available hypersonic data

in air and helium and Newtonian the:ory.

SYIMBOLS
T
C = hve _ .86
Hoo Ty
Fy - F
Ca axial-force coefficient, -(A—Sb—b—)
%
Fp'
Cp drag coefficient,
%S
]
Cp average skin-friction coefficient, 1.328/C 23 Ss%
F3 5%
F,
Cr, 1lift coefficient, a;%
Cnm pitching-moment coefficient, M
%S
o
Cma pitching-moment slope, (-ﬁni
a=0°
i Fy
Cy normal-force coefficient,
%5p
Cp,ma.x maximum or stagnation pressure coefficient
D model base diameter
FA axial force along X-axis; positive direction, =X
F, base-pressure correction, (pco - pb)Sb

FD' =FN sina.+FAcoscx,-Fb cos a

IT'L=FNcos<1,-FAs:i.ncx,+Fb sin a
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Subscripts:

©0

1

normal force along Z-axis; positive direction, -2

model length

lift-drag ratio, Cr,[Cp

Mach number

static pressure
dynamic pressure
Reynolds number

base area of model
total surface area, excluding base area

temperature

distance from model nose to center-of-moment location
distance from model nose to center-of-pressure location

body axes
angle of attack, deg
semivertex angle of cone, deg '

dynamic viscosity

free-stream conditions
local conditions

wall conditioms

- model base

MODEL DESIGN PHILOSOPHY

A photograph of the models used during the present tests is shown as fig-
ure 1, and the geometric details are given in figure 2. The size of each model
was determined by either the size of the tunnel-flow test area (approximately
6 X 6 inches), or the maximum model size that would allow the tunnel flow to



start. Starting of the hypersonic tunnel used during the present tests is
assured if the maximum model size is such that its drag coefficient is equal to,
or less than, that of a disk with a diameter of 2.87 inches, which is the maxi-
mum size of disk that will allow flow to start. The low-drag models were dimen-
sioned to remain within the flow test area at « = 30°. All models were con-
structed of aluminum and were bored out internally to reduce the overall weights
and thus the initial tare load interactions of the strain-gage balances. Based
on the good correlation between the experimental and calculated normal forces
and pitching moments in references 135 and 15, model centers of pressure deter-
mined by Newtonian theory were carefully located with respect to the balance
moment center. With the model located on the balance in this manner, a minimum
of pitching moment may be expected on the balance during tests; therefore, all
forces and moments would be measured with greater accuracy because of further
reduction of balance interactions.

APPARATUS AND TESTS

The tests were conducted in the Mach number 6.86 test section of the
Langley ll-inch hypersonic tunnel. The tunnel-wall boundary-layer thickness
and hence the free-stream Mach number of this test section are dependent upon
the stagnation pressure. For these tests, the average stagnation pressure was
20 atmospheres and the average stagnation temperature 675° F (to avoid lique-
faction). These conditions resulted in an average free-stream Mach number of
6.80 and an average unit Reynolds number of 0.220 X 106 per inch. The absolute
humidity was kept to less than 1.9 X 10-2 pound of water per pound of dry air
for all tests.

In order to assure the best stability results obtainable with present-day
methods, several precautions were taken during these tests. Three strain-gage
balances were selected for the various models in order that the normal and
axial components would be loaded near meximum through the -3° to 30° angle-of-
attack range. To obtain greater accuracy near a = 0°, a second test was made
of each model through an angle-of-attack range of -5° to 140 by using the more
sensitlve beams of the balance designed for side force and yawing moment and
yawing the model in the tunnel-flow test region. This method minimized both
initial tare loads and attitude tare loads, and thus produced data with a bare
minimum of corrections between recorded outputs and final coefficients. The
outputs from the various strain gages were continuously recorded on pen-marked
strip-chart self-balancing potentiometers and thus gave a positive indication
of a settling out period and any zero shifts due to aerodynamic heating. Bal-
ances were check loaded before and after tests to assure consistent calibration.
With the exception of the tests at low Reynolds number, the tunnel operating
pressures vwere set to give maximum blowdown running time; which allowed the
maximum settling out time for each data point.

The model base pressures were measured at three positions in the plane of
the angle of attack for all tests, and the axial-force component was adjusted
by an average of these measurements to correspond to a base pressure equal to
the free-stream static pressure. In all cases the base-pressure correction was




small as compared to the model axial force. The data were not corrected for
pitching-moment increments produced by the pressure variation over the model
bases, since these increments were found to be less than the accuracy of the
balance read-out system.

PRECISION OF DATA

The maximum uncertainties in the measurement of the force and moment coef-
ficients for the individual test points as a result of the inaccuracies in the

force balance read-out system are presented as follows:

o (o) _ O (o]
a = -3° to 30° test a = -5 to 4° test
Model 3 > 2
8 Cy Ca Cm Cy Ca Cm
5 +0.009 +0.006 +0.001 +0.003 +0.006 +0.0005
10 £.007 +.003 £.001 +.,002 +,003 *.0004
20 +,006 +.003 +.001 +.002 +.003 *.0006
30 *.006 *+.006 +.002 *.002 +.006 +.001
4o +.003 +,008 +.002 +.002 +.,008 +.001
50 +.002 +,007 *.002 +.002 *.007 +,001

The stagnation pressure was measured to an accuracy of *1.5 inches of mer-
cury, and the Mach number was known to #0.0l, so that an accuracy of free-
stream dynamic pressure of *0.03 pound per square inch resulted.

THEORETICAL CALCULATIONS

The calculation of the longitudinal characteristics of a variety of sharp
cones was made by use of the Newtonian theory of references 13, 18, and 19 with
Cp,max = 2.00 through an angle-of-attack range of 0° to 180°., The results of
these calculations, which include the effect of the circular bases with no skin

friction added, are presented in the appendix of this paper with the coeffi-
cients based on both planform area and base area.

The results of these calculations with skin friction included are also
shown on the plots of experimental data. An approximation of the average skin-
friction coefficient was made by use of the following equation:

oo = 1.328/Cc 2/3 Ssa
TR 3 By

which was obtained from reference 20 and modified for cones with the Mangler
transformation, as suggested in reference 21. For the tunnel conditions under




consideration, a constant value of C of 0.86 was taken. The Reynolds number
used was calculated for conditions on the surface of the cone at an angle of
attack of 0°. The skin friction estimated by this method was assumed to be con-
stant with varying angle of attack.

It is of particular interest that references 13, 22, and 25 have shown
that, when the contribution of axial force to pitching moment is considered for
cones, the ratio of the equations for pitching moment and normal force reduce
toc a constant for any semivertex angle:

Cny

= g(l + tan29)
Cy 3
Therefore, in Newtonian flow the center of pressure is independent of angle of
attack for any fixed semivertex angle, and a plot of Cp as a function of CN

will result in a straight line.
PRESENTATION AND DISCUSSION OF RESULTS

The experimental results for tests in the -3° to0 30° angle-of-attack range
include 1ift, drag, lift-drag ratio, pitching moment, normal force, and axial
force for the axis system shown in figure 3 are presented in figures 4 to 9.
These data are shown plotted against angle of attack and cone semivertex angle,
along with curves calculated by Newtonian theory plus skin friction, as
described in the section entitled "Theoretical Calculations."”

Effect of Skin Friction and Reynolds Number
on Performance Characteristics

The magnitude of the skin friction and its effect on the lift-drag ratio
may be seen in figure 4 for the 5° and 10° semivertex angle cones by a compari-
son of the viscid and inviscid curves. The inset supplementary plots of axial-
force coefficient show in detail the angle-of-attack region up to 5°. It should
be noted that the measured axial-force coefficients and, subsequently, the drag
coefficients are higher than can be accounted for by the Newtonian theory. This
is 1n part the result of not accounting for induced effects upon pressure and
skin friction and the failure of Newtonian theory at low angles of attack. This
underestimation, along with a complementary lower prediction of lift, accounts
for the good estimation of lift-drag ratio, particularly for the cones of higher
semivertex angle gi.e., 8 > 20°), where the effect of skin friction is negli-
gible. At a = 0- +the exact values of axial-force coefficient from Kopal
(ref. 24) with skin friction added are given for all cones. With the exception
of the 5° semivertex cone, for which the induced effects are large, nearly per-
fect prediction of axial force was made.



The results of tests on the 5° semivertex cone at two Reynolds numbers
based on body length are also presented in figure L, The plot of lift-drag
ratio shows a decrease with a decrease in Reynolds number, as was expected from
the increase in skin friction. A small variation of normal force may be noted
in the negative angle-of-attack range, but the pitching moment was essentially
unaffected by a Reynolds number change by a factor of 5. For the cone models
having semivertex angles under 40° (figs. 4 and 5), the agreement between
experiment and theory is good.

For the 40° and 50° cones (fig. 6) the axial force was considerably under-
predicted at low angles of attack and overpredicted at the higher angles. This
trend may be seen to exist for some of the less blunt cones. However, the
angle of attack at which the crossover takes place (i.e., change from underpre-
diction to overprediction) varies; it appears to decrease as the angle of the
cone increases. This trend might be expected, inasmuch as Newtonian theory
overpredicts the axial force of a 90° semivertex cone (flat plate) by about
15.5 percent at a = 0°.

Longitudinal Stability Characteristics

The center of moments for all models was arbitrarily selected on the basis
of a solid homogeneous cone with the center of gravity located at 75 percent of
the body length. With this center-of-gravity location the 5° and 10° semivertex
cones are unstable at angles of attack up to 30° but, due to a rearward movement
of the center of pressure with increasing cone angle, the 20° cone is slightly
stable and the 30° to 50° cones show considerable stability throughout the
angle-of-attack range tested. The pitching moment was overpredicted for the
40° and 50° cones, but the predictions were excellent for cones with small semi-
vertex angles. It may be concluded that the Newtonian theory for Cp,max = 2.0

gives excellent predictions of pitching moments with angle of attack for cones
wlth semivertex angles under 40° through an angle-of-attack range up to 30°.
This conclusion could also be drawn from the use of Cp,max = 2.08 which was

derived by Lees (ref. 25) for unyawed cones at very high Mach numbers. The poor
predictions of pitching moments for the 40° and 50° semivertex cones at the
higher angles of attack are closely associated with the poor prediction of the
axial force. As the lower half of the cone (below the line of symmetry) is
most effective at these angles of attack, the overprediction of axial force
means an overprediction of nose down, or negative, pitching moment due to axial
force.

The variation of pitching moment with normal force is presented in fig-
ure 7. As discussed previously, the Newtonian theory predicts the ratio Cm/CN

to be a constant, dependent only on cone semivertex angle if the axial-force
contribution to pitching moment is considered. For the angle-of-attack range
up to 30° this appears to be nearly true for all cones tested. Only the 40°
and 50° cones show & variation from the predicted straight-~line curves, and
this as a small difference in slope. The difference in the slope of the
experimental -pitch-—normal -force data and the theoretical curves indicates a
variation in the location of the center of pressure. It should be noted that



no significant variation of parameter Cm/CN was measured for the 5° semivertex
cone during the variable Reynolds number tests.

Figure 8 presents a composite plot of availasble hypersonic data (refs. 13,
15, 16, 17, 26, and as yet unpublished data) in air and helium that shows the
variation of the location of the experimental and theoretical center of pressure
of cones with angle of attack and semivertex angle. The theoretical curves

obtained from the previously mentioned relation gE,= %(l + tange) show that

N
the center of pressure is located at the two-thirds body station for a cone
having a semivertex angle of O° and that it moves rearward so that it is located
at the base (100 percent of body length) of a 35.3° cone and 61.8 percent of
body length downstream of the base for a 50° cone. The center of pressure at
a = 0° was obtained from the slope of the curves in figure 7 for the present
data and from similar plots for the reference data. A comparison of the exper-
imental data, both in air and in helium, with the Newtonian curves shows excel-
lent agreement for cone semivertex angles up to about 30° and a trend of over-
prediction for the larger cone angles which increases with cone angle to about
10 percent of body length for a 50° cone. The experimental location of the
center of pressure remains essentially fixed for any one model through the 60°
angle-of-attack range, as predicted by the theory. It also appears that cone
data obtained in air and helium at high Mach numbers are comparable.

The variation of the static stability parameter Cma at a = 0° is pre-

sented in figure 9 for various cone semivertex angles and center-of-moment
locations. Experimental data are presented only for the center of moment at
T5 percent of body length for the sake of clarity. For this center-of-moment
location, a solid cone having a semivertex angle of about 19.4° would be neu-
trally stable. All cones show improved stability with increased semivertex
angle. With the center of moment located at the cone base, that is, 100 per-
cent of the body length, a cone having a semivertex angle of about 35.3° is
neutrally stable, as mentioned in the discussion on center of pressure.

CONCLUDING REMARKS

Analysis of experimental data obtalned on various sharp, right circular
cone models at a Mach number of 6.8 and a Reynolds number of 0.22 X 106 per
inch and a study of other hypersonic data in air and helium indicate that the
Newtonian theory gives good predictions of the longitudinal stability and per-
formance parameters through & 300 angle-of-attack range for cones with semi-
vertex angles less than about 40°, Furthermore, it may be concluded that
through a 60° angle-of-attack range the location of the center of pressure
is essentially fixed for a given cone angle and is independent of angle-of-
attack change, as predicted by Newtonian theory. Although a decrease of



Reynolds number by a factor of about 5 increased the axial force due to skin
friction of a 5° semivertex angle cone by a factor of about 2.2, no effect
upon stability or center of pressure was obtalned.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., January T, 1964.



APPENDIX
NEWTONIAN FLOW ABOUT SHARP CIRCULAR CONES

An extensive set of calculations was made using Newtonian theory, as
described in the section entitled "Theoretical Calculations." The results of
these calculations are presented in figures 10 to 20 as a series of plots of
the longitudinal characteristics of cones having semivertex angles of 2.5° to
50°. The coefficients shown in these figures include the effect of the forces
on the flat circular bases at angles of attack greater than 90° and the effect
of both normal and axial forces on pitching moment through the 0° to 180° angle-
of-attack range. No skin friction was included in the calculations. Fig-
ures 10, 11, 13, 14, and 15 are presented with coefficients referenced to the
planform area and figures 16 to 20 are presented with coefficients referenced
to the base area. A stagnation pressure coefficient of 2.0 was used for all

calculations.
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5 10.500 1.838 7.875 2.652 9.647
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30 3.400 3.926 2.550 12.108 6.675
40 2.000 3.356 1.500 8.848 3.356
50 1.360 3.242 1.020 8.254 2.204
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Figure 2.~ Detail dimensions of models.
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Figure 3.- Axis system. Arrows indicate positive direction.
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Symbol Gas Moo 6, deg Reference
o Air 6.8 5 to 50 Present data
O Air 6.7 10 and 40 13
o Air 6.7 9 15
Iy Air 8.0 6.3 16
N Air 10.2 7.1 16
o Air 10.2 10.0 16
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[ . Helium 21.1 10.0 : 17
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Figure 8.- Variation of the location of center of pressure with angle of attack and semivertex angle for
various hypersonic Mach numbers.
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Figure 17.- Drag coefficilents of various cones in Newtonian flow; Cp,max = 2.0. Coefficients referenced to base area.
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